Different L-prolinamides 21, prepared from L-proline and chiral β-amino alcohols are active bifunctional catalysts for the direct nitro-Michael addition of ketones to β-nitrostyrenes. In particular, catalyst 21e prepared from L-proline and (1S,2R)-cis-1-amino-2-indanol exhibits the highest catalytic performance working in polar aprotic solvents such as NMP especially in the presence of 20 mol% of acid additives such as 4-nitrobenzoic acid or under microwave heating. High syn-diastereoselectivities (up to 94% de) and good enantioselectivities (up to 80% ee) are obtained at r.t. Moreover, [a] Transition state structures for the rate-limiting C-C bond-forming step are calculated.
Introduction
Organocatalytic asymmetric carbon-carbon and carbon-heteroatom bond-forming reactions have been extensively investigated in recent years.
[1] The conjugate Michael addition [2] plays a particularly important role among the numerous asymmetric carboncarbon bond forming reactions since it represents one of the most elegant and attractive ways to introduce chirality into a Michael acceptor. [3] Particularly interesting and challenging is the asymmetric conjugate addition of a carbon nucleophile to a nitroalkene since it represents a very useful synthetic method for the preparation of chiral nitroalkanes with at least two vicinal stereogenic centers in a single step. Chiral nitroalkanes are valuable building blocks in organic synthesis because they can be transformed into a wide variety of different functional groups such as amines, ketones, carboxylic acids, nitrile oxides, etc. [4] Barbas, [5] and List [6] independently reported the first organocatalytic addition of ketones to trans-β-nitrostyrene using L-proline (1) as catalyst with good yields but very low enantioselectivities (0 to 23% ee). A related study by Enders showed a strong solvent effect in the reaction since in MeOH the enantioselectivity could be increased to 76% for the major syn diastereomer in the reaction between 3-pentanone and trans-β-nitrostyrene employing a 20 mol% of Lproline as catalyst. [7] Since these preliminary studies, very effective catalytic systems (2-20) [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] have been developed for the asymmetric Michael reaction of ketones with nitroalkenes being the process generally syn-selective (Scheme 1). Best improvements to this reaction have been mostly achieved using pyrrolidine-based catalytic derivatives.
However, chiral acyclic primary amines such as 10, thiourea-amine bifunctional catalysts such as 8, 12, 13, 16 and 17, and small dipeptides such as 9 have been also trans-β-nitrostyrene. Moreover, some of these catalysts have some important features to emphasize such as bipyrrolidine 2, which is a very active organocatalyst for the anticonjugate addition of α-hydroxyketones to nitrostyrenes. [8] A similar sense of relative stereoinduction has been shown by chiral primary amine-thiourea catalysts 13 [19] and 17 [23] developed by Tsogoeva and Jacobsen, respectively, in the conjugate addition of acyclic ketones to nitroolefins giving predominantly the anti Michael adducts due to the participation of a Z-enamine intermediate. Catalysts 4, [10b] 16, [22] 19, [25] and 20 [26] are very effective systems to perform the Michael addition under aqueous conditions such as brine (catalyst 4) or neat water. On the other hand, the chiral imidazolium salt 15 [21] performs much better than other chiral pyrrolidine catalysts in ionic liquids as reaction media. Furthermore, catalyst 15 and the fluorous sulfonamide 19 can be easily recycled by precipitation and fluorous solid-phase extraction, respectively, and reused without significant loss of activity and stereoselectivity. [7] up to 76% ee 2 [8] up to 81% ee 3 [9] up to 99% ee [18] up to 86% ee 13 [19] up to 91% ee up to 91% ee 5 [11] up to 68% ee 6 [12] up to 92% ee 7 [13] up to 94% ee 8 [14] up to 87% ee 9 [15] up to 98% ee 10 [16] up to 98% ee 11 [17] up to 91% ee 14 [20] up to 98% ee 15 [21] up to 99% ee 16 [22] up to 90% ee 17 [23] up to 99% ee 18 [24] up to 99% ee 20 [26] up to 97% ee 19 [25] up to 95% ee 
Scheme 1. Enantioselective conjugate addition of ketones to trans-β-nitrostyrene
L-Prolinamide and derivatives have been shown as highly efficient catalysts for the direct aldol reaction of aldehydes with simple ketones in organic, [27] ionic, [28] and aqueous solvents.
[27n], [29] This type of organocatalysts have been also demonstrated to promote the enantioselective α-hydroxyamination reaction of α-branched aldehydes with good yields and moderate enantioselectivities [30] as well as the α-selenylation of aldehydes [31] and ketones [31b] and the α-chlorination of aldehydes. [32] The initial aim in our organocatalysis program was to design several amino alcohol-derived organocatalysts where the amide and hydroxyl groups were expected to interact via double hydrogen bonding with the nitro group of the electrophile in order to enhance their reactivity as depicted in Scheme 2. A transient activation of the ketone donor through formation of an enamine on the secondary amino group was also anticipated. [33] In a recent preliminary paper [34] we indeed reported that amino alcoholderived prolinamides 21 presumably serve as bifunctional organocatalysts for Michael addition reactions between 3-pentanone and β-nitrostyrenes with high levels of syndiastereoselectivity (up to 94%) and good enantioselectivities (up to 80% ee) working under room temperature conditions and with polar non-protic solvents such as NMP.
One of the main drawbacks of these catalysts was the long reaction times required to completion (4 days). Herein, the full account of our studies aimed to improve the catalytic performance of the system and to explore the full scope and the mechanism of this process are described. 
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Scheme 2. L-Prolinamide-derived bifunctional organocatalysts
Results and Discussion
Catalysts 21 were prepared in good to excellent yields from Cbz-or Fmoc-Lproline or Cbz-4-hydroxy-L-proline and the corresponding commercially available chiral amines and β-amino alcohols through the reaction sequence shown in Scheme 3. β-Amino alcohols employed in the preparation of catalysts 21i [35] and 21n [36] were synthesized according to literature procedures from (1S,2R)-cis-1-amino-2-indanol and (1R,E)-camphorquinone-3-oxime, respectively. Very recently, Córdova has demonstrated that simple amides derived from primary amino acids such as alanine (see 10 in Scheme 1) efficiently catalyze the direct enantioselective addition of ketones to nitrostyrenes. [16] For this reason, catalyst 23 was also prepared from Boc-L-alanine following the synthetic sequence shown in Scheme 4. We first elucidated the parameters that could play a role in the selectivity of the reaction. Organocatalysts (20 mol%) were then examined for their ability to mediate the stereoselective Michael addition between 3-pentanone (25a, 4 mmol) and trans-β-nitrostyrene (26a, 0.4 mmol) in a typical polar protic solvent such as MeOH [37] (0.2 mL: 0.5 mL of solvent/mmol of 26a) at r.t. to give syn-and anti-adducts 27aa (Scheme 5, solvent = MeOH and Table 1 ). α-Methyl-L-proline (28), trans-4-hydroxy-L-proline (29) , and trans-4-TBDMSO-L-proline (30) were also included in the study (Figure 1 ). Scheme 5. Michael addition between 3-pentanone and trans-β-nitrostyrene Table 1 . Asymmetric 1,4-addition of 3-pentanone to β-nitrostyrene. Catalyst study.
[a]
Ee (%) were stirred in MeOH (0.2 mL) at r.t. for the time indicated in the Table. [b] Determined by 1 H NMR and/or GC analysis.
[c] Syn/anti ratio. [d] Ee for the syn diastereoisomer. Determined by chiral-phase HPLC analysis.
[e] The enantiomer syn-(4R,5S)-27aa was obtained.
[f] Not determined.
[g] 5 mol% of 21e was used. [h] 10 mol% of 21e was used.
[i] 15 mol% of 21e was used. Most of L-prolinamides exhibited high catalytic activities for the reaction to give the syn adduct 27aa as a favored product. Prolinamides 21a and 21b, derived from 1,2-diphenyl-2-aminoethanol, which have been successfully used in the direct aldol reaction of ketones with aldehydes, [27a,b,e,i,q] showed good activity with high reaction conversions and good diastereoselectivity, syn/anti: 92/8 and 85/15, respectively, and enantioselectivity 39 and 52% ee for the major diastereomer, respectively (Table 1, entries 1 and 2). Catalyst 21c, derived from (R)-2-phenyl-2-aminoethanol, with a primary alcohol unit group, showed very high catalytic activity to afford after 1 d the Michael adduct 27aa in high yield but with lower diastero-and enantioselectivity (syn/anti: 83/17, 36% ee) ( Table 1 , entry 3). The presence of the chiral hydroxyl moiety seems to be important for the selectivity of the process. This was further supported with catalyst 21d, derived from 2-aminophenol, which gave a 42% ee for the syn adduct after 6 d (Table 1 , entry 4). The reaction time decreased to 3 d and a noticeable increase in yield (95%) and enantioselectivity (64% ee) was obtained with (1S,2R)-cis-1-amino-2-indanol-derived prolinamide 21e (Table 1, entry 5 ). This result demonstrated that increasing the conformational rigidity of the amino alcohol moiety seemed to be beneficial for the selectivity of the process. This was probably due to the more favored double hydrogen-bonding interactions of the more rigid derivative 21e with the electrophile. Diastereomeric catalysts 21e, 21j, 21l and 21m, showed very high catalytic activities in the 1,4-additon (Table 1, Although amides derived from simple primary amino acids such as alanine have been shown to efficiently catalyze the direct enantioselective addition of ketones to nitrostyrenes, [16] L-alanine amide 24 failed to give any product in the 1,4-addition of 3-pentanone to β-nitrostyrene under the tested reaction conditions (Table 1 , entry 16).
Proline has been previously shown to promote the Michael addition of ketones to nitrostyrene in MeOH as solvent. [7] In contrast, α-methyl-L-proline (28), a very efficient organocatalyst for the intramolecular α-alkylation of aldehydes, [38] was not effective in the 1,4-addition after long reaction periods ( presented as a valid alternative to proline and proline derivatives in different asymmetric organocatalytic processes due to its high solubility in organic solvents. [39] However, the catalytic activity of 30 in the conjugate addition of 3-pentanone to nitrostyrene in MeOH resulted very low affording 27aa in a 58% conversion and 38%
ee for the major syn isomer (Table 1 , entry 19).
The effect of the catalyst loading on the reaction efficiency was also evaluated employing 21e. The enantioselectivity of the process was in general slightly sensitive to the catalyst loading, affording the best results in terms of yield and selectivity with a 20 mol% of catalyst, as routinely employed (Table 1, Encouraged by these initial results, and due to the levels of reaction efficiency observed with prolinamide 21e, we selected this catalyst for further studies of the direct asymmetric addition of ketone 25a to β-nitrostyrene 26a (Scheme 5, catalyst = 21e and Table 2 ). With respect to the nucleophile stoichiometry required for optimal results, a ten fold excess of ketone gave the best results ( Table 2 , entries 1-3). We next screened a range of solvents for the reaction catalyzed by prolinamide 21e ( Table 2 , entries 5-24).
Bulkier polar protic alcohols such as iPrOH and tBuOH were much less effective affording lower conversions and selectivities ( Table 2 , entries 5-6). Non-polar solvents such as toluene slowed down the reaction to 8 d affording syn-27aa in a 56% ee ( Table   2 , entry 7). Furthermore, we observed the formation of the regioisomer 31 ( Figure 2 ) in very low yields (8%, GC analysis), which resulted from the Michael addition to the carbon in α position to the nitro group. This by-product was not observed when polar protic solvents were used ( Table 2 , compare entries 1-7). The use of CHCl 3 and CH 3 CN gave similar results to MeOH with respect to diastereo-and enantioselectivity detecting again the formation in small amounts (5%, GC analysis) of the regioisomeric compound 31 ( Figure 2 , Table 2 , entries 8 and 9). The employment of protic solvents seemed then beneficial to avoid the formation of 31. Increasing notably the polarity of the reaction medium with DMF provided a noticeable increase in selectivity (76% ee), being very important the amount of solvent used in the process since no conversion was observed when 5 mL of DMF/mmol of 26a were used instead of 0.5 mL/mmol of the limiting reagent ( Table 2 , entry 15) had a beneficial effect over the reaction rate. Table 2 . Asymmetric 1,4-addition of 3-pentanone to β-nitrostyrene catalyzed by 21e.
Reaction conditions study.
Ee (%) [d] Table. [b] Determined by 1 H NMR and/or GC analysis. In parenthesis GC yield of compound 31.
[c] Syn/anti ratio. [d] Ee for the syn diastereomer. Determined by chiral-phase HPLC analysis.
[e] 5 equiv of ketone were used.
[g] 1 equiv of ketone was used. [h] 40 equiv of ketone were used.
[i] 5 mL of DMF/mmol of 26a were used.
[j] 26a was added to the reaction mixture after 20 min.
[k] Anhydrous NMP was used.
[l] 0.5 mL of solvent (NMP/H 2 O: 1/1)/mmol of 26a were used (14 equiv of H 2 O).
[m] 0.75 mL of solvent (NMP/H 2 O: 2/1)/mmol of 26a were used (14 equiv of H 2 O).
[n] 0.6 mL of solvent (NMP/H 2 O:
5/1)/mmol of 26a were used (5 equiv of H 2 O).
[o] 0.5 mL of solvent (NMP/MeOH: 1/1)/mmol of 26a were used.
[p]
0.5 mL of solvent (NMP/DMSO: 1/1)/mmol of 26a were used.
[q] The reaction was performed under microwave irradiation (15 W, 48 ºC).
Since we had demonstrated a dramatic solvent and concentration effect in the reaction scope, a deep study was then performed in NMP varying the concentration of the reaction and the amount of water present in the reaction. The representative results are collected in [40]
In order to further decrease the long reaction times we studied the influence of an acid as additive in the model reaction between 3-pentanone and trans-β-nitrostyrene (Table 3) . It has been previously demonstrated that the presence of an acidic additive in the reaction results beneficial in terms of activity due to acceleration of enamine formation.
[27n],[33],[41] Thus, we started our additive study employing substoichiometric amounts (20 mol%) of different organic acids (Table 3 , entries 1-10). Among the carboxylic acids, 4-nitrobenzoic acid gave the best results in terms of rate (1 d), yield (full conversion) and selectivity (Table 3 , compare entries 1-7). In the presence of this cocatalyst and using anhydrous NMP, the reaction rate and the enantioselectivity of the process were lower which clearly demonstrated that the water present in the employed commercial non-anhydrous NMP was also necessary to obtain good activities and selectivities when using acid as cocatalyst (Table 3 , entries 5 and 6). Interestingly, the acid additives also avoided the formation of byproduct 31 ( Figure 2 ). Benzenesulfonic acid did not promote the reaction at all (Table 3 , entry 8). Both enantiomers of 2-phenylpropionic acid were also tested with the aim of detecting a possible influence on the selectivity of the process of a chiral proton source. Unfortunately, no improvement on the selectivity was observed (Table 3 , entries 9 and 10). Very recently, chiral
Brønsted acid 1,1'-bi-(2-naphthol) has been shown to improve the enantioselectivity of the L-proline catalyzed direct aldol reaction when used as chiral additive through hydrogen bonding activation. [42] We then performed the reaction in the presence of (R)-or (S)-1,1'-bi-(2-naphthol) (5 mol%) anticipating a possible multicomponent chiral catalytic system of higher efficiency. However, very similar results were obtained in both cases slightly decreasing the rate and selectivity of the reaction (Table 3, entries 11 and 12). In the absence of acid, (S)-bi-2-napthol (5 mol%) did not show any improvement (Table 3 , compare entries 12 and 13) which indicated a negligible effect of this additive in the reaction scope. [h] 4 >99 90/10 74
4 99 91/9 73
[a] A mixture of catalyst 21e (20 mol%), the additive (20 mol%), and 3-pentanone (4 mmol) was stirred in NMP (0.2 mL) for 20 min at r.t. Then, the β-nitrostyrene (0.4 mmol) was added to the mixture and the reaction was stirred at r.t.
for the time indicated in the Table. [b] Determined by 1 H NMR and/or GC analysis.
[c] Syn/anti ratio. [d] Ee for the syn diatereoisomer. Determined by chiral-phase HPLC analysis.
[e] The reaction was performed at 0ºC.
[f] Anhydrous NMP was used as solvent.
[g] Not determined. [h] 5 Mol% of (R)-Binol and 5 mol% of 4-nitrobenzoic acid were used.
[i] 5 Mol% of (S)-Binol and 5 mol% of 4-nitrobenzoic acid were used.
[j] 5 Mol% of (S)-Binol was used.
Under the established best reaction conditions [21e (20 mol%) as catalyst, 4-nitrobenzoic acid (20 mol%) as additive and NMP as solvent at r.t.] various ketones and nitrostyrenes were evaluated as substrates (Scheme 6 and Table 4 ). The reaction appeared quite general with respect to the nature of the aromatic Michael acceptor.
Generally, good yields and good diastereo-and enantioselectivities were observed. The introduction of electron-withdrawing or electron-donating groups on the aromatic ring of the nitrostyrene did not affect the enantioselectivities. Thus, 4-tolyl, 4-chloro, 4-methoxy, and 3,5-dichlorosubstituted nitrostyrene derivatives gave compounds 27ab-27ae in 64-83% yields, 91/9 to 97/3 diastereomeric ratios and 76 to 81% enantioselectivities in 1.5 d reaction time (Table 4 , entries 2-5). However, in the case of the 2-(trifluoromethyl)phenyl derivative a 59% ee for the major diastereoisomer (syn/anti: 99/1) syn-27af was obtained (Table 4 , entry 6). When 2-chloronitrostyrene was used as a Michael acceptor, the corresponding Michael adduct 27ag was obtained in 75% yield and 78% ee (Table 4 , entry 7). In general, the syn-diastereoselectivity was slightly higher when electron-poor nitrostyrenes were used (Table 4 , entries 5 and 6). Scheme 6. Michael addition of ketones to β-nitrostyrenes Table 4 . Asymmetric 1,4-addition of ketones to nitrostyrenes catalyzed by 21e.
(%) [b] No. syn/anti [c] Ee (%) [h] 90/10 54
[a] A mixture of catalyst 21e (20 mol%), 4-nitrobenzoic acid (20 mol%), and 3-pentanone (4 mmol) were stirred in the corresponding solvent (0.2 mL) for 20 min at r.t. Then, the nitrostyrene (0.4 mmol) was added to the mixture and the reaction was stirred at r.t. for the time indicated in the Table. [b] Determined by 1 H NMR and/or GC analysis over the crude reaction mixture. In brackets, isolated yield after flash chromatography for the mixture of diastereoisomers.
[c] Determined by 1 H NMR and/or GC analysis over the crude reaction mixture. [d] Ee for the syn diastereoisomer. Determined by chiral-phase HPLC analysis. Absolute configuration not determined except for 27aa.
[e] Similar results were obtained with recycled 21e (88% yield, syn/anti: 91/9, 78% ee).
[f] A 16% ee was obtained when NMP was used as solvent.
[g] 35% ee for the anti isomer. [h] Syn/anti/iso: 54/6/40.
[i] 5% Ee for the anti isomer; 76% ee for the iso isomer.
Next, we examined other ketone donors in the Michael reaction with trans-β-nitrostyrene (Scheme 6, Table 4 ). For each nucleophile a full solvent study was carried out since we observed enormous differences in reactivity and selectivity depending of the solvent employed. [43] In Table 4 entry 8) . Surprisingly, NMP led to a very low 16% ee in this particular case. The conjugate reaction between hydroxyacetone and nitrostyrene was regioselective for all the studied reaction conditions, [43] CH 2 Cl 2 being the solvent which gave better results in terms of enantioselectivity. As depicted in the entry 9 of Table 4 , the reaction was less syn-selective than previously observed giving a 65/35 syn/anti relationship with low enantioselectivities for both isomers (41% ee for syn-27ca and 35% ee for anti-27ca). On the other hand, the 21e-catalyzed Michael addition of butanone with nitrostyrene mainly gave the iso isomer in moderate to good enantioselectivities [43] giving the best result in DMSO ( iso-27da 40%, 76%ee
Scheme 7. Michael addition of butanone to trans-β-nitrostyrene
It is worthy to mention that prolinamide catalyst 21e could be easily recovered (80% recovery) from the reaction mixture after extractive acid-base workup and reused after flash chromatography with similar results (Table 4, linearity suggested that the active catalyst in this process is a monomeric species. [44] The syn-diastereoselectivity and the absolute configuration observed can be reasonably explained through the acyclic synclinal transition state assembly A proposed by Seebach, [45] assuming intramolecular hydrogen bonding (Scheme 8). 
Computational Studies:
To explain the predominant production of (4S,5R)-syn-adduct, we have computationally [46] located and studied the transition states for the formation of both enantiomers by DFT [47] at B3LYP/6-31G* level.
[48] For computational simplicity reasons, we have chosen the non-substituted prolinamide 32 as a model catalyst for the reaction between 3-pentanone 25a and 1-nitropropene 33 ( Figure 5 ). Since the formation of the enamine and the final hydrolysis of the Michael addition adduct are fast and have no effect on the rate and stereoselectivity of the reaction, [49] we focused on the study of the transition states involved in the rate-limiting step, the nucleophilic attack of the enamines 34 to 1-nitropropene. For the calculation of the activation barriers of those reactions, it was also necessary to determine the energies of the reactant hydrogen bond complexes formed between the enamines and 1-nitropropene. The reasons for the observed stereoselectivity are understandable in view of the hydrogen bonding differences between TS A and TS B and the data shown in Table 5 . In both cases we can distinguish up to three hydrogen bonds (two of them strong and one weak) between the two oxygen atoms of the nitro group and the NH and OH in the prolinamide. The rigidity and steric congestion of the proline-based enamine allows for a clear differentiation in the strength of those interactions. In TS A , one of the oxygens of the nitro (O1) is able to form two strong hydrogen bonds with H-N3 (2.03 Å) and especially with H-O3 (1.88 Å), whereas TS B shows two relatively weaker bonds, with larger distances for O1---H-N3 (2.11 Å) and O2---H-O3 (2.09 Å). In both cases, there is a third very weak hydrogen bond with H-N3 (distances ≈ 2.5 Å), but it can be considered that this interaction is less important in the activation of the nitro group.
Finally, the distances between O2---H-O3 in TS A and O1---H-O3 in TS B are too large (>2.7 Å) to describe them as hydrogen bonds, although they still can represent positive electrostatic interactions. These data suggest that the strength difference of the hydrogen bonds in TS A and TS B is responsible for the computed facial selectivity. Noteworthy, the source of the chirality in these models is only the stereogenic center at position 2 of the pyrrolidine ring. We have not included the chirality in the hydroxyethylamino group of the prolinamide. Therefore, by appropriate choice of the substituent and the matched relative configuration we can further modulate the stereoselectivity of the reaction. 
Conclusions
From the studies carried out about the direct enantioselective conjugate addition of ketones to β-nitrostyrenes catalyzed by 1,2-amino alcohol-derived prolinamides, it can be concluded that these organocatalysts promote the syn-diastereo-and Compounds 27aa, [7] 27ba, [11] 27ca, [8b] 27da, [8a] have been previously described and spectroscopic data were in agreement with published. See supporting information for HPLC separation conditions. 
syn-4-Methyl-6-nitro-5-p-tolylhexan-3-one (27ab

